Respiratory ciliary motion is enabled by dynein/microtubule activity. Current observation techniques can hardly capture the dynein activation pattern in moving cilia. Here we introduce a computational model to mimic the ciliary ultrastructure and simulate the dynein-driven ciliary motion. METHODS: A three-dimensional model is established to mimic the "9 + 2" ciliary ultrastructure. The dynein force is simulated as point loads embedded along the microtubules. The dynein-triggered ciliary motion is solved by using the Finite Element Method along with grid deformation techniques. RESULTS: By comparing the simulated ciliary movement to the observation results, the rationality of different dynein activity hypotheses are evaluated and the dynein activation pattern that can produce the planar beating of lung cilia is proposed. The results also reveal that the dynein force alone can only generate longitudinal microtubule sliding and ciliary bending; to produce the ciliary 'curl-up' movement, transverse forces (possibly induced by radial spokes) need to be considered. CONCLUSION: This model provides a platform to investigate various assumptions of dynein activity, facilitating us to evaluate their rationality and propose possible dynein activation patterns.
Introduction
The cilia in the respiratory system consist of a highly conserved structure, whose characteristic architecture is based on a cylindrical arrangement of 9 doublet microtubules surrounding a central pair of singlet microtubules [1] (Fig. 1) . The dynein motors located between adjacent doublets convert the chemical energy into mechanical work for doublet sliding. This shear between outer doublets drives the cilia bending and other passive elastic components including the central microtubule couple are involved in the overall regulation, producing the effective ciliary movement.
Due to the inherent difficulties in experimental observations, researchers can hardly investigate the internal mechanics of a moving cilium directly. Alternatively, computational simulations can help to reveal the internal mechanics of the ciliary motion and have therefore attracted considerable interests. Lindemann's geometric clutch theory [2] [3] [4] proposes that the transverse force acts as the main regulator of switching and generates the beating motion of the cilia. Satir's switch-point model [5] [6] [7] believes that the 9 microtubule doublets work in groups; the switching of active work of the dyneins in the two groups produces the ciliary forward and backward beating. Brokaw [8] [9] [10] proposes the curvature-controlled model of ciliary motion. Gueron and colleagues [11] and Teff and others [12] suggest the switching occurs at constant angles or particular positions of the cilia. Moreover, Gueron and Levit-Gurevich [13] propose the first 3D simulation of the ciliary motion based on the ciliary internal 9 + 2 structure. More recent work concerning cilia that incorporates discrete representations of the dynein arms, the passive elastic structure of the axoneme, and surrounding fluid dynamics in a 2D system is described by Dillon et al. [14] . Besides, Mitran [15] proposes a 3D model to simulate the respiratory cilia by using largedeflection, curved, finite-element beams. More recently, Chen et al. [16] propose a 3D model to simulate a 9 + 0 ciliary ultrastructure -the embryonic cilia. Although it focuses on a different type of cilia, it presents a more realistic model of ciliary ultrastructure and ensures the feasibility to simulate the complex ciliary movement by Finite Element Method. Apart from the computational works, recently, Burgoyne et al. [17] reports the detailed geometric information regarding the ultrastructure of human respiratory cilia, and indicates the difference between human airway cilia to the conventionally studied cilia/flagella, such as Chlamydomonas. This study provides the basis for more realistic modelling of lung ciliary ultrastructure, contributing to future investigations of dynein activity. The abovementioned studies, among others, improved our understandings regarding the ciliary motility; however, modelling the internal mechanism of cilia is still a very challenging topic. How the ciliary axonemal structure converts the dynein-driven microtubule sliding into smooth and coordinated repetitive waves of bending remains a mystery. In this work, we introduce a 3D model of the ciliary ultrastructure and study the ciliary motion empowered by dynein motors. This model simulates the activity of the dyneins by applying longitudinal forces, in an embedded manner, along the doublet microtubules in an appropriate (temporally and spatially) manner. The hypotheses proposed by early studies regarding the dynein activation pattern is simulated and the possible protein activation pattern for lung cilia is proposed.
Methods

Geometry of the model
Experimental observations by transmission electron microscopy report that the length of cilia is about 5-7 µm in the trachea [18] . In our model, the length of the cilium is assigned as 6 µm. As shown in the left picture of Fig. 2(a) , the geometrical model of the cilium consists of a cylindrical body and a parabolic tip, the lengths of which are 5.8 µm and 0.2 µm, respectively, and the diameter of the ciliary body is 0.2 µm [15] . The ultrastructure of the cilium is modelled according to the reported data in [17] and to Fig. 1(a) . The width of a doublet is reported to be 20-30 nm [19] . In this model, the width of the doublet microtubules is assigned as 25 nm. The diameter of the B-tubule as well as the singlet is set to be 16 nm [17] . The distance between the doublet to the center of the cilium is 60 nm, according to Fig. 1(a) and the transverse sectional image of the cilia in [17] . The spatial resolution of the cilia involves 288 points in the vertical direction (263 points for the cylindrical body and 25 points for the parabolic tip) and 56 points around the circumference. This ensures the interval of the grid points along the longitudinal direction of the doublet microtubules is about 22 nm, which is consistent to the reported repeating distance of inner dynein arms (controlling the beat form) [17] . The cylindrical body of the cilium that contains the microtubules is discretized by linear extrusion from the unstructured bottom mesh of the model; while the parabolic tip is discretized by tetrahedral mesh. The base grid consists of a total of 673,284 cells (a grid independency study is discussed in the sequel).
Mechanical properties of the cilium
The mechanical properties of the axenomal components of the cilium are obtained from literatures, although it should be noted that the data presented in this section is highly affected by the difficulties of the in vivo studies and the precise mechanical properties of ciliary ultrastructure specifically for respiratory cilia are lacking. Results from relevant studies on the Young's modulus of the ciliary mcrotubules vary among 5-9 GPa [20], 1.2 GPa [21] , 0.47-0.51 GPa [22] , and Kikumoto et al. [23] suggested the rigidity of microtubules is about 7.9 × 10 −24 Nm 2 , indicating a mechanical modulus of 0.1 GPa based on the geometry of our model. Those studies are not focused on respiratory cilia specifically, which actually presents a much shorter length and therefore might possess different mechanical properties. In this study, we assume the doublet microtubules present homogeneous and isotropic properties and the elastic modulus is 3 GPa; while the elastic modulus for the singlets is 1 GPa. The mechanical information of the cytoplasm wrapping the doublets is also lacking. This is partly because of the uncertainty about the exact biochemical components of it and is also due to that the elastic properties of cytoplasm can be largely different in various species, ranging from 25 Pa to 5 × 10 5 Pa [24, 25] . In this study, the mediated cytoplasm is modelled as a solid. A parameter study of the elasticity of this solid and their effect on the ciliary movement has been conducted. The elastic modulus of the modelled cytoplasm is finally assigned to be 200 Pa; this value, together with the mechanical properties of microtubules, gives the most flexibility of ciliary movement and is close to the limit of what can be realistically computed in terms of local mesh deformations for the ultrastructure of the cilium. More precise de terminations of the mechanical properties of respiratory ciliary ultrastructure would be pursued in future studies, when detailed experimental estimations are achievable.
Theories regulating the dynein activation
The ciliary beating is powered by the dyneins that anchored at regular intervals along the doublets [26] . With hydrolysis of ATP, the motor protein forms a transient attachment to its adjacent doublet, converting chemical energy into mechanical forces, and thus pushes the target doublet towards the plus end [27, 28] , as shown in Fig. 2(b) . There are hundreds of dynein motors along one doublet microtubule. These protein motors begin to attach to the adjacent doublet in a sequential manner. Since the base cell is the energy source of dynein activation, we assume that the attachment of dynein motors occurs from the bottom of the doublet. When the lower-positioned dynein bridges are formed, they reduce the distance between two adjacent doublets in the near-by region, thus facilitate the upper-positioned dynein bridges to be established. In other words, the dynein attachments between two neighboring doublets occur from the bottom and 'climb up' towards to the ciliary tip.
Previous studies [5, 29] propose that, for respiratory cilia, the dyneins located along the 9 doublets should work in two switching groups in order to create the planar beating motion. Based on this assumption, we investigate four scenarios of dynein activity and discuss their rationality. Figure 3 illustrates the scenarios. In scenario I, the two groups of doublets include doublets 2-4 and doublets 7-9, respectively ( Fig. 3(a) ). This type of division is similar to Lindemann's 'Geometric Clutch' model [2] . In one group of the doublets, the dynein attachments start from bottom towards tip in a linear manner. When this finishes, it triggers the dynein attachments in the other group; at the same time, the dynein bridges in the original group starts to detach from the tip to the bottom. In scenario II, we group the doublets as quaternions, which are doublets 1-4 and doublets 6-9 ( Fig. 3(b) ); while in scenario III, we group the doublets as pentad, which are doublets 1-5 and doublets 6-1 (Fig. 3(c) ). The doublet 1, in this case, is included in both of the groups: when the dyneins in doublets 1-5 are activated, the dynein proteins along doublet 1 pushes doublet 2 towards the ciliary tip; while, when the dyneins in doublets 6-1 are activated, the dynein proteins along doublet 9 pushes doublet 1 towards the tip. Finally in scenario IV, the doublets are grouped according to Satir's model [5] , where doublets 1-4 are in one group and doublets 6-8 are with the other group (Fig. 3(d) ), presenting an asymmetric grouping pattern. The abovementioned doublet grouping scenarios divide the doublets according to the central line between the singlet pair, as shown in Fig. 3(a) . This is due to the reported lung cilia beating pattern, which is nearly within the plane determined by this central line [5] .
An activated dynein arm can produce sliding forces between two adjacent doublets. Thus, in our model, we use a pair of point loads exerted on the corresponding positions of the two neighbouring doublets, with same magnitude and in opposite directions, to simulate the mechanical effects induced by a formed dynein bridge. The force exerted by a single arm upon a microtubule has been reported varying from 1-10 pN [30] [31] [32] . In this study, the force generated by a single dynein arm is assigned to be 5 pN. The beating frequency of respiratory cilia is reported to be 10.6-17 Hz [18] . In the current study, we assume the beating frequency of the cilium is 12 Hz. Therefore, it costs 0.0417 s for the dynein bridges to finish their formation in one group of doublets.
Numerical methods
During computation, the motility of the cilium is calculated by embedding the produced forces on the discretized ciliary elements (properly located in space and time according to the scenarios we discussed in Section 2.3) and solving the resulting problem using a stress solver in CFD-ACE+ (ESI CFD, France), based on the Finite Element Method. This platform allows the concurrent embedding of the forcesgenerating elements of the axoneme, along with the passive deformable elements of the structure into a unified framework, thus permitting the computation of self-induced deformation and motion for this cilium system. This capability is combined together with necessary re-meshing techniques required by the grid deformation. In this study, a Solid-body Elasticity Analogy method [33] , where the re-meshing problem is solved by calculating the displacement between the moved boundaries and based on the solution of the equations of linear elasticity, is employed.
Results and discussion
To evaluate the insensitivity of the simulation results to the resolution, the solution on a finer grid with 2,003,712 cells has been studied (for scenario I) to compare with the results in the base grid. The ciliary motion in both of the resolutions presents the same pattern, and the difference of the maximum ciliary deformation occurring at the ciliary tip is 7.62%. Therefore, for the purposes of our study the base resolution is adequate and is employed in further simulations of other dynein activation scenarios.
The bending deformation induced by dynein motors
As indicated in Section 2.3, the activation of dyneins starts from the bottom of the doublets and climb up towards the ciliary tip. When a dynein bridge is established, it generates sliding movement between the two adjacent doublets by pushing the target (higher-numbered) doublet tipward and dragging the base (lower-numbered) doublet towards the bottom. With the other passive elastic components, such as the cytoplasm, the local sliding produced by the formed dynein bridges induces bending deformation of the entire ciliary body, and with an appropriate arrangement of the activation of the dynein motors, the cilium can produce a beating movement. Figure 4 displays the dynein climbing process in scenario I, when the dynein motors along doublet 2 and 3 are activated. Figures 4(a) and (b) show the results when the dynein bridge establishment is progressed to 1/3 and 2/3 of the doublet length, respectively; while, Fig. 4(c) shows the result when all the dynein motors are activated along the affected doublets. The longitudinal stress is coloured in the picture in order to represent the dynein climbing process. With the dynein bridges being established from bottom to tip, the sliding force between those affected doublets are increasing, and therefore, generates the bending of the entire cilium. Figure 5 displays the simulated ciliary motion. The program is implemented for four ciliary beating cycles for each scenario, and the results in the last cycle are presented here. The subfigures (a)-(d) present the results for the four scenarios respectively. The original position of the cilium is shown in the images marked by '0'. After the first half cycle, the dynein activity induces the ciliary bending to the maximum at one direction; while, in the next half cycle, with the dynein activity in the other group of doublets begins to work, the cilium, thus, deforms towards the opposite direction. The ciliary motion is finally converged to a certain pattern -the forward and backward beating.
The moving pattern of the cilium
The beating patterns of the cilium in all of the four scenarios are non-symmetric. The maximum deformations occurred at the ciliary tip at the end of effective stroke are 1.17 µm, 1.55 µm, 1.72 µm, and 1.53 µm, respectively for scenarios I-IV, which are 19.5%, 25.8%, 28.7%, 25.5% of the ciliary length respectively; and the maximum ciliary deformation at the end of recovery stroke in the four cases are 1.11 µm, 1.48 µm, 1.55 µm, and 1.15 µm, respectively. The magnitude of ciliary deformation is dependent on the number of dynein motors involved during the ciliary motion. In scenario III, during each half of the beating cycle, the dynein proteins along four doublets are activated together, which, therefore, is able to generate larger ciliary deformations than other cases. The difference of the maximum deformation during effective and recovery strokes for scenarios I-IV are 5.4%, 4.73%, 11.0%, and 33.0%. During the effective stroke in scenario IV, the dyneins along three doublets (doublet 1, 2 and 3) are activated; while, during the recovery stroke, only the dyneins along doublet 6 and 7 are activated, which induces the higher difference of the maximum deformation between the two phases in scenario IV. Moreover, the direction of the effective stroke (determined by the maximum deformation of the cilium) in scenarios I and II is opposite to that in scenarios III and IV. In cases I and II, the effective stroke is towards the side of doublet 1; while, in cases III and IV, the effective stroke is towards the side of doublet 5 or 6. Unfortunately, to the best of our knowledge, there is no observation reports clarified the specific direction of effective stroke for airway cilia; therefore, the resulted direction of effective stroke cannot be used to evaluate the rationality of dynein activation hypotheses. Considering the reference plane that passes doublet 1 and is perpendicular to the plane determined by the two singlets, the ciliary movements presented in the four scenarios are nearly along this reference plane but show various small derivation angles. The maximum deviation angle of the cilium during recovery stroke comparing to the position of the cilium at the beginning of power stroke is 13.4 • , 12.1 • , 3.5 • and 2.6 • , respectively for scenarios I-IV. Previous experimental study [34] shows that this angle should be less than 5 • , indicating the dynein activation patterns in scenarios III and IV can present more reasonable results. Observation evidence to reveal the actual moving pattern of respiratory cilia is lacking. Previous illustrations of lung cilia beating indicated that the maximum deformation of the cilium, measured at the ciliary tip, during the effective and recovery strokes may present a difference between 10%-25%, derived from [35] . Both of the results in scenarios III and IV are close to this difference range (11.0% and 33.0% respectively for cases III and IV), indicating the rationality of these models; while, in scenario III, the dyneins of all of the outer doublets are involved and the simulated deformation difference between effective and recovery strokes is just within the range derived by [35] .
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It is generally believed that the dynein forces are the main reason for ciliary motility and may determine the deformation magnitude of the cilia [36] . As shown in our results, the grouping assumption can indeed produce the planar beating of cilia. However, since the motivation force is just along the longitudinal direction of the microtubules, the generated beating motion is made of ciliary bending; the 'curl up' motion presented during the recovery stroke as in observations cannot be produced. This indicates that, apart from the longitudinal force, to present the realistic ciliary motion, the transverse force (may be generated by the radial spokes) should be considered, which is also the next step of this computational work.
Conclusions
The hypothesis that the dynein proteins along doublet microtubules may work in groups has been proposed a long time ago. However, it is very difficult to be confirmed by experiments; researchers are lack of knowledge about dynein activity and cannot fully manipulate them. Three-dimensional modelling of the ciliary ultrastructure and simulating the dynein activity is an alternative way to confirm this theory. Therefore, we establish this mathematical model, including the 9 + 2 microtubule structure, the cytoplasm and the dynein motors, to test various dynein-grouping assumptions. Our results reveal that the switching activation of dyneins is able to produce the planar beating movement of the cilium, and the forward and backward motion of the cilium is asymmetric. Based on the limited geometric information of the beating motion produced by airway cilia, the results in scenario III present the most reasonable ciliary beating pattern, which involves the active dynein works along most of the doublets and presents 11% of the difference of the deformation magnitude between the effective and recovery stroke and 3.5 • of the derivation angle.
Ciliary motility in human respiratory system has drawn much attention in recent years [37] . It is closely related to the health of respiratory system and may indirectly influence the function of other organs [38] . Revealing the protein-controlled mechanism of ciliary motion is crucial to understand the system. The current study based on reported geometric and functional data of ciliary ultrastructure and motor proteins is not the most accurate, but it confirms the feasibility of the algorithms to be applied in cilia studies and simulates ciliary motion induced by dynein motors alone, which may contribute to our understandings of this complex protein-microtubule system.
